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First in-situ observations of strong ionospheric perturbations
generated by a powerful VLF ground-based transmitter
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Abstract. This paper is related to observations by the satellite DEMETER of strong ionospheric

perturbations close to the VLF transmitter NWC gn Australia (L =1.49). Electrostatic waves from

HF to ELF ranges are generated and stron ence appears. Fluctuations of electron and ion
mperature. The perturbations are well located to

ver an area of ~ 500,000 km® which is centred at

perturbation is i b the already known precipitation of energetic particles which interact
with the VLF wave thWugh a cyclotron resonance mechanism. The particle precipitation zone is

located south of the transmitter at a slightly larger L-shell value (1.9).
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1. Introduction

The ionospheric perturbations induced by the VLF transmitters have been studied for a
long time. In the past the theoretical problems of non linear interaction between energetic electrons
and coherent VLF waves were considered by many authors (e.g. Helliwell, 1967; Nunn, 1971,
1974, 1990; Dowden et al., 1978; Shklyar et al., 1992). Theories concerning the generation
mechanism of these triggered emissions have been reviewed by Omura et al. (1991). Another
review by Parrot and Zaslavski (1996) addressed the physical processes related to anthropogenic
disturbances of the ionosphere including the effects of the VLF transmitters. Observations of
electron precipitation by VLF transmitters have been made by Koons et al. (1981), Inan et al.
(1982, 1985), Imhof et al. (1986), Vampola (1987, 1990), and more recently by Sauvaud et al.
(2006). Inan et al. (1984) presented maps of global electron precipitation zones induced by the
major VLF transmitters (except NWC). But new insights have been recently developed by
Kulkarni et al. (2007) which include NWC. Nvolved mechanism is the well-known cyclotron
resonance. The wave and the particles gfractgvhen®he Doppler-shifted wave frequency seen by

the particle is close to the elec gyroqgquency. The possible production of lower hybrid

parametric instabilities by ittcrs has been studied by Riggin and Kelley (1982).

Another mechanism has d by Bell and Ngo (1988, 1990) and Bell et al. (1991) which

attributes the ex ’ rid waves to the electromagnetic whistler mode waves scattered
from magnetic field a¥ggf#d plasma density irregularities in the ionosphere. Concerning the plasma
perturbations, heating by the VLF waves has been theoretically considered and it has been shown
that the mechanism is efficient in the D region (Galejs, 1972; Inan, 1990; Inan et al., 1992; Barr

and Stubbe, 1992; Rodriguez et al., 1994). But no direct observations of plasma perturbations have

been reported so far in the literature.
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This paper presents an analysis of the ionospheric perturbations observed by the
DEMETER satellite in vicinity of the VLF transmitter NWC in Australia (21°47°S, 114°09°E)
which is operating at 19.8 kHz. NWC is one of the most powerful VLF transmitters in the world
(1000 kW) and it is located at a low L-shell value (L=1.49). DEMETER was launched on June 29,
2004 on low-altitude polar orbit to study ionospheric perturbations in relation with the seismic
activity and the anthropogenic activity (Cussac et al., 2006). The DEMETER payload will be
briefly described in section 2. The data will be shown in section 3. Discussion and conclusions

will be provided in section 4.

2. The wave and plasma experiments onboard DEMETER

The scientific payload of the DEMETER micro-satellite is composed of several
instruments which provide a nearly continuous survey of the plasma, waves and energetic
particles around the Earth at an altitude o km. The electric field experiment uses four
electric probes to measure the three cggfponggts oi®he electric field in a frequency range from
=coil

DC up to 3.5 MHz. The sear etometer measures the three components of the

magnetic field in a freque om a few Hz up to 20 kHz. The Langmuir probe gives

access to the electron perature. The thermal ion spectrometer measures the ion
density, composg @ re and flow velocity. A solid state energetic particle detector
measures high energYQglg€trons and protons looking in a direction perpendicular to the orbit plane,
i.e. measuring particles with a mirror point in the vicinity of the satellite. Details about these
experiments can be found in Berthelier et al. [2006a, 2006b], Lebreton et al. [2006], Parrot et al.
[2006], and Sauvaud et al. [2006]. DEMETER is operated in two scientific modes: - A survey

mode, where spectra of one electric and one magnetic component are computed onboard up to 20

kHz. with a frequency resolution of 19.25 Hz, - A burst mode where waveforms of one electric
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and one magnetic components are recorded up to 20 kHz, and waveforms of the six
electromagnetic field components are recorded up to 1.25 kHz. DEMETER was launched on a
polar and circular sun-synchronous orbit with an altitude of 710 km. Due to technical reasons
data are only recorded at invariant latitudes less than ~ 65°. All data files and plots are organised
by half-orbits [Lagoutte et al., 2006]. The up-going half-orbits (invariant latitude between 65°S
and 65°N) correspond to night time (22.30 LT) and the down-going half-orbits (invariant latitude

between 65°N and 65°S) to day time (10.30 LT).

3. The data

3.1 Example of perturbations observed close to NWC

An example of the observed ionospheri urbations is shown in Figure 1. It is related to

data recorded on September 22, 2006 glringgight ®me. The panels which contain ionospheric

parameters as a function of the tigge will escribed from the top to the bottom. The top panel

represents the onboard-co rogram of an electric component in the HF range and the

main feature is observe

resonance in a fig @ '
gyrofrequency is eq f

~ 1.03 MHz (the Earth’s magnetic field is given by a model), and the

.30 UT. It corresponds to the excitation of the upper hybrid

etween 1.6 and 1.9 MHz. At the time of observation, the electron

plasma frequency is equal to ~ 1.27 MHz (see the panel below). Then the value of the upper
hybrid frequency is of the order of 1.63 MHz. The second panel is devoted to the onboard
computed spectrogram of the same electric component in the VLF range up to 20 kHz. In the top
of this panel horizontal lines show transmitter frequencies and the more intense one at 19.8 kHz

is the NWC frequency. The vertical lines in the spectrogram are related to spherics. Around
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14.52.30 UT it can be seen that the perturbation covers the whole frequency range. Electrostatic
turbulence is observed at low frequencies and a very large broadening of the transmitter
frequency can be noticed. In the perturbation area, the intensity of spherics is also enhanced. The
most important electrostatic noise between ~ 10 and 20 kHz has a low frequency cut-off at the
lower hybrid frequency as it can be seen in Figure 2 where this parameter is plotted. The lower
hybrid frequency is obtained using the ion composition measured in-situ (Berthelier et al., 2006b).
The next two panels represent respectively the electron density and the electron temperature
measured by the Langmuir probe. Large fluctuations of these two parameters are observed in the
same area. Finally the bottom panel shows the dramatic increase of the ion temperature measured
by the ion spectrometer. At maximum it is nearly twice the background level. The geographic

latitude and longitude, and the L value are shown below the panels.

3.2 The perturbation zone

The occurrence of these pggturbatiORg has been searched in the two-year DEMETER data

base and 49 typical eventygigl ¢ 10nospheric perturbations have been selected between
March 2005 and Novem geographical locations of these 49 night time perturbations
have been repo @ ap®f Figure 3. The lines represent the projections of the orbits of the
satellite on the surfalygfthe Earth. Many of them are superposed due to the orbitography of the
satellite. The star indicates the position of the transmitter NWC on the North-West coast of
Australia. The perturbation area is observed at the North of the transmitter location and it covers
an area of the order of 500,000 km”. In fact the perturbations are locally observed at the altitude

of the satellite (700 km) in an area which is centred around the magnetic field line whose South

foot is at the transmitter location (L = 1.5) . On the other side, in the North hemisphere similar
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perturbations are also observed at the same L value but with a much weaker intensity and only

wave perturbations are detected.

4. Discussion and conclusions

In order to check if there is a parametric excitation of the lower hybrid waves by the
coherent waves from NWC a bicoherence analysis has been performed. The event not shown here
was selected when the satellite was in burst mode (to have waveforms) among the 49 cases where
strong perturbations are observed. The VLF data up to 20 kHz was used. But the bicoherence
spectrogram does not show any relation between frequencies. In fact the lower hybrid frequency
(~ 18.8 kHz) is very close to the transmitter frequency (19.8 kHz) and the theory presented by
Bell and Ngo (1988, 1990) is the most probable to explain the electrostatic wave enhancement
shown in Figure 1. Electrostatic waves excited by linear mode coupling when the
electromagnetic VLF transmitter waveggf€attegfromWasma density irregularities.

The plasma perturbationsgre due Wgthe electron and ion heating. It has been shown by

Rodriguez et al. (1994) tha ranSmitter (same power as NWC) can increase the night-
time D region electron by a factor of 3. The NWC transmitter is continuously
operating and heg ) re®on above and, then, the perturbation is able to spread in the upper
ionospheric levels wglt can be observed by the satellite. It must be noticed that the heating is
not continuous in the whole perturbation area and that striations appear.

Concerning the precipitated electrons induced by the coherent VLF wave of NWC,
DEMETER does not detect electrons at the same location where the strong ionospheric

perturbations are observed but at a higher L value. Figure 4 represents an extended view of the

data shown in Figure 1. The plot now corresponds to the complete half orbit from the South
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hemisphere to the North hemisphere. The top panel shows the VLF spectrogram of the electric
component from 15 to 20 kHz. The perturbation due to the transmitter starting at 14.51.37 UT is
evidently seen. The middle panel shows the spectrogram of the energetic electron flux measured
by the analyzer in the range (70 keV — 1.2 MeV) and the bottom panel represents roughly the
same data but integrated in three different energy bands (Sauvaud et al., 2006), the black line
being devoted to the lowest energy band. These two panels clearly show the energetic particles in
the outer radiation belt at high L values in both hemispheres. In the south hemisphere it ends
around 14.47.20 UT (L = 2.5) and then it is the slot region. Two other increases in the inner belt
location are also detected at 14.49.00 UT and 15.10.20 UT, the largest one being in the south
hemisphere. These two increases of the particle flux are at the same L value (1.85). Nothing is
observed at the location of the strong perturbation (L= 1.5). These increases of the energetic
electron flux are practically always observed at the same L values (1.8 -1.9) when the satellite is
at the longitude of the transmitter. This isg reement with the theoretical map of particle
precipitation induced by NWC which recggtly dwn by Kulkarni et al. (2007). At L= 1.8 the

cyclotron harmonic equatorial reggnant en for a wave frequency equal to ~ 20 kHz is ~ 100

keV (Imhof et al., 1986; Ab,

precipitation re ' hot®lways coincide with the location of the transmitter because it
depends on the geogC position of the transmitter, its power and its operating frequency. For

transmitters at low L values it generally appears at higher L values because the distance from the

998) and it corresponds to the energy range observed

source is balanced by the increase in particle flux with L. The electrons have typical decreasing
energy with increasing L.
Only precipitations of particles by VLF transmitters and indirect manifestation of heating

(Inan, 1990) have been reported in the past. Other perturbations in the upper ionosphere were
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expected (Bell and Ngo, 1988, 1990). With the low orbiting satellite DEMETER which can
measure wave and plasma parameters all around the Earth with a good resolution, it was possible
to show for the first time the complete in-situ perturbations of the ionospheric plasma in night
time. Nothing is observed during day time in the zone shown in Figure 3. Observations are only
during night time because the ionospheric D region disappears and the wave absorption is
reduced below the interaction area where the heating occurs. In day time the electron density
gradients are strong and the absorption zone is narrow. Perturbations are also observed with other
powerful transmitters such as NAA in US (44°39N, 67°17W). But it is located at a more high L
value (3.42) and the natural electromagnetic noise which exists close to the auroral zone prevents

us from well detecting the VLF wave transmitter effect on the plasma parameters.
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Legend of Figures:

Figure 1: Data recorded on September 22, 2006 between 14.49.00 and 14.56.00 UT. From the top
to the bottom the panels represent - the HF spectrogram of one electric component up to 3.33
MHz, - the VLF spectrogram of the same component up to 20 kHz, - the electron density, - the
electron temperature, and - the ion temperature as function of the time. A large perturbation is

observed at the North of the NWC location (21°47’S, 114°09’E).

Figure 2: Values of the lower hybrid frequency plotted at the time of the ionospheric perturbation

shown in Figure 1.

Figure 3: Map of the North-West coast of Australia. The star indicates the position of the NWC
transmitter. The straight lines are the proje s of the parts of the DEMETER orbits where

ionospheric perturbations similar to thogfshoygn in Meure 1 are observed.

Figure 4: Extended plot of wn 1n Figure 1 along a complete half-orbit. From the top

to the bottom: - VLF s f an electric component from 15 to 20 kHz, - Energetic
electron flux in an®e (70 keV, 1.2 MeV), - Integrated flux of the energetic particles in

three bands. Orbital 3 eters are shown below the panels.
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